Lactobacillus sakei is one of the most important lactic acid bacteria of meat and fermented meat products. It is able to degrade arginine with ammonia and ATP production by the arginine deiminase pathway (ADI). This pathway is composed of three enzymes: arginine deiminase, ornithine transcarbamoylase and carbamate kinase, and an arginine transport system. The transcription of the ADI pathway is induced by arginine and subjected to catabolite repression. In order to understand the physiological role of the degradation of this amino acid we investigated the growth of bacteria under various conditions. We show that arginine degradation is responsible for an enhanced viability during the stationary phase when cells are grown under anaerobiosis. Arginine is necessary for the induction of the ADI pathway but in association with another environmental signal. Using a mutant of the L-lactate dehydrogenase unable to lower the pH we could clearly demonstrate that (i) low pH is not responsible for cell death during the stationary phase, so survival is due to another factor than elevated pH, (ii) neither low pH nor oxygen limitation is responsible for the induction of the ADI pathway together with arginine since the ldhL mutant is able to degrade arginine under aerobiosis. ß
Introduction
The arginine deiminase pathway of arginine degradation ( Fig. 1) is composed of three enzymes: arginine deiminase (ADI, EC 3.5.3.6), catabolic orni-thine transcarbamoylase (cOTC, EC 2.1.3.3) and carbamate kinase (CK, EC 2.7.2.2). A fourth protein important for this pathway is a membrane arginine transport system (arginine/ornithine antiporter). This pathway, leading to ATP and ammonia production, is widely present among bacterial and archaebacterial species such as Bacillus, Streptococcus, Clostridium, Lactococcus, Pseudomonas, Mycoplasma and Halobacterium [1^3] and can ful¢l various roles. In Pseudomonas aeruginosa it is used exclusively under anaerobiosis as sole energy source for growth [1] . In Halobacterium salinarum it is involved in the fermentative degradation of arginine [3] whereas in Bacillus licheniformis it is involved in nitrogen regulation under anaerobiosis [4] .
Several types of complex regulations of the arginine degradation pathway have been observed among bacteria. In P. aeruginosa and B. licheniformis oxygen is the main factor controlling its expression. In some lactic acid bacteria such as Carnobacterium and Streptococcus, relationships with sugar metabolism and pH have been investigated, and repression by glucose was observed [5^8] .
The genes encoding the enzymes of the ADI pathway have been most extensively studied in P. aeruginosa [9] , H. salinarum [3] and Rhizobium etli [10] .
In Gram-positive bacteria the genetic organisation is known for Clostridium perfringens [2] and B. licheniformis [4] . The genes from Streptococcus sanguis have also been cloned [11] but their sequence has not yet been reported.
The four genes involved in arginine degradation: arcA (ADI), arcB (cOTC), arcC (CK) and arcD (the antiporter), usually form an operon, the organisation and transcription of which vary in di¡erent species. In P. aeruginosa the genes are cotranscribed in a single polycistronic transcript arcDABC, which is then processed by a RNase [12] . The transcription of the arc operon is under the control of an Anrdependent promoter belonging to the Fnr-dependent promoter family [9] . In H. salinarum the gene organisation is arcRACB. Oxygen limitation yields di¡er-ential induction of transcripts controlled by ArcR [3] . In B. licheniformis, the gene cluster is arc-RABDC. arcR encodes an ArgR protein with functions similar to the Escherichia coli ArgR [4] Among lactic acid bacteria Lactobacillus sakei, formerly called L. sake [13] , is one of the main species belonging to the natural £ora of fresh vacuumpacked meat. It is also used as starter in the meat fermentation process mainly for its ability to rapidly metabolise sugars resulting in a pH drop that pre- vents the development of spoilage micro-organisms and ensures a right ¢rmness of the products. The ability of L. sakei to degrade arginine by the ADI pathway was reported many years ago but this property was mainly used as a di¡erentiating feature between L. sakei and Lactobacillus curvatus, the closely related species also found in meat and meat products [14] . The presence of the ¢rst two enzymes (ADI and cOTC) in L. sakei was shown [15] but the physiological role of this pathway has not been extensively studied yet.
In a previous work we have cloned and sequenced the arc operon of L. sakei [16] . The gene order is arcABCTD. Mutants in the four genes involved in the ADI pathway were constructed [16] . Upstream of the arcA gene a CRE (catabolite responsive element) sequence was found indicating a regulation by catabolite repression. However, neither Fnr-like nor Anrlike boxes were found upstream of arcA. In the present study we investigated the physiological role of arginine degradation by the ADI pathway. In order to explain the role of this pathway and its regulations we used mutants in the arc operon along with a ptsI mutant and an ldhL mutant.
Materials and methods

Strains and growth conditions
The origin of strains is listed in Table 1 . All L. sakei strains were routinely grown at 30³C on MRS medium [17] . MCD medium [18] containing 0.05 or 3 g l 31 arginine and 1 g l 31 sugar was used for physiological studies. The media were supplemented with erythromycin 5 Wg ml 31 for the propagation of the ptsI and arc mutant strains. Aerobiosis was obtained by shaking £asks at 150 rpm and anaerobiosis was obtained by blowing nitrogen according to Hungate [19] . Growth was followed by measuring optical density at 600 nm and by the determination of colony forming units after plating diluted aliquots on MRS agar plates. The initial pH of the MCD medium is 6.50. Values obtained after growth and reported in the ¢gures represent the mean þ S.D. of at least three independent experiments.
Arginine deiminase activities
These were determined as previously described [16] .
Results
Previous studies have shown that L. sakei is auxotrophic for arginine and is unable to grow on arginine as sole carbon source [15] . Thus the degradation of arginine needs the presence of glucose as a carbon source but high glucose concentrations repress arginine degradation. Arginine degradation can be observed only when arginine is present in the growth medium at 3 g l 31 [15] . However, these studies made use of complex media, making detailed interpretations di¤cult.
In the present study we used a chemically de¢ned medium [18] supplemented with two carbon sources present in meat (glucose and ribose), at two arginine concentrations (0.05 g l 31 is the minimal concentration required for growth; 3 g l 31 is the concentration that fully induces the ADI pathway). In addition, the e¡ects of aerobiosis and anaerobiosis were investigated. We also tested the behaviour of RV2000, a mutant of the L-lactate dehydrogenase (L-LDH), which is unable to lower the pH of the medium [20] . The growth and the viability of bacteria were followed as well as the pH variations re£ecting arginine degradation via the ADI pathway.
We tested di¡erent growth conditions regarding arginine concentration (0.05 g l 31 and 3 g l 31 ), aerobiosis or anaerobiosis, with glucose or ribose as the carbon source. The results are presented in Fig. 2 . Under aerobiosis on glucose ( Fig. 2A) diminished soon after growth stopped, whatever the arginine concentration. The ¢nal pH was 5.50 re£ect-ing the production of acid from glucose fermentation. On ribose under aerobiosis, the growth rate was slower and survival was observed during stationary phase. The ¢nal pH reached 6.88, indicating that after the pH drop due to the ribose degradation, ammonia production led to a pH rise. Under anaerobiosis (Fig. 2B) , both on glucose and on ribose, the e¡ect of inducing concentration of arginine was more pronounced. Survival was better both on ribose and on glucose when arginine 3 g l was added. In both cases, the ¢nal pH was higher than the initial pH of the medium, suggesting ammonia production resulting from arginine degradation. As under aerobiosis, survival was better on ribose than on glucose and was correlated with the higher ¢nal pH (7.38 on ribose versus 6.73 on glucose). These results suggest that a better survival in the stationary phase is linked to the degradation of ar- ginine correlated with an increased pH value. Indeed all the mutants in the arc operon were impaired in survival during the stationary phase whether arginine was added or not as shown for the arcA mutant (RV4000) in Fig. 3 .
A better survival on ribose than on glucose might re£ect a repression of the ADI pathway on glucose. The presence of a CRE element upstream of arcA, responsible for the catabolite repression of the transcription of the arc operon, might explain why on glucose the ADI pathway is not active [16] . Carbon catabolite repression requires the CcpA protein and the phosphoenol pyruvate phosphotransferase system (PTS) [21] . A mutant of enzyme I of the PTS was previously constructed. Although this mutant (RV1000) does not possess a functional PTS, it is able to grow on glucose by a PTS-independent transport system [18, 22] . RV1000 was then tested for its growth and survival on glucose. We could expect, as was shown in several other bacteria, that in RV1000 catabolite repression is abolished. Indeed, RV1000 seemed to have a higher arginine degradation level than the wild-type strain in the presence of glucose (Fig. 4) . The ¢nal pH in the medium with arginine was 7.20, which suggests that arginine degradation is higher than in the wild-type strain, for which pH was 6.73 when grown in the same conditions. These results support a catabolite repression e¡ect of glucose which is abolished in the ptsI mutant. Furthermore, no drop in population with arginine 0.05 g l 31 was observed but the pH was still low (5.50), suggesting a di¡erent metabolism of glucose in the ptsI mutant.
All these results clearly indicate that the degradation of arginine via the ADI pathway is correlated with an enhanced viability under anaerobiosis. This role has been mentioned previously for other species but it was not clearly demonstrated whether elevated pH per se (due to ammonia production by the ADI pathway) was responsible for this enhanced viability. In order to investigate the putative role of pH in the regulation of the ADI pathway and the survival of L. sakei during stationary phase, we used a mutant de¢cient in L-LDH activity. This mutant does not produce lactate and does not lower the pH of the medium below 6.20 [20] . As shown in Fig. 5 , when an inducing arginine concentration was omitted, the cfu observed during stationary phase strongly decreased although the pH was high (6.90). This suggests that the pH drop leading to the low pH value after glucose consumption is not the factor respon- sible for cell death after exponential growth. Moreover, when an inducing arginine concentration was added, the ldhL mutant, like the wild-type, has an increased cell viability during the stationary phase certainly linked to arginine degradation as can be deduced from the high pH value (8.35). These data seem to indicate that the low pH reached after exponential growth is not responsible per se for cell death. The protective e¡ect of arginine degradation is not due to elevated pH since this strain, which does not lower the pH, has a low viability during the stationary phase and needs to degrade arginine to survive. Moreover, in mutant RV2000, this arginine degradation also took place during growth under aerobiosis revealing that lack of oxygen is not the factor responsible for the induction of the ADI pathway, but rather another signal that might be linked to carbohydrate metabolism. The behaviour of this strain indicates that the pH drop might not be this signal. Furthermore, ADI measurements con¢rmed that arginine degradation was associated with survival. For the wild-type, maximum activities were obtained when cells were grown under anaerobiosis with arginine 3.19 þ 0.03 U under anaerobiosis versus 0 under aerobiosis, whereas RV2000 had activity under both aerobiosis (2.55 þ 0.31 U) and anaerobiosis (8.88 þ 0.88 U).
Discussion
We have previously shown that transcription of the arc genes encoding the ADI pathway is induced by arginine and is repressed by carbon catabolite repression [16] . In this work we show that arginine degradation by L. sakei is clearly associated with a higher survival during the stationary phase since (i) the survival is correlated with the conditions of expression of the ADI pathway and (ii) survival is abolished in the arc mutants. This degradation occurs through the ADI pathway and no other arginine degradation route could be detected, since arc mutants could no longer degrade arginine and survive. The presence of arginine is necessary to induce this survival but another environmental factor is necessary to promote this degradation. Catabolite repression of the arc operon was con¢rmed by the use of a ptsI mutant in which arginine catabolism was no longer repressed by glucose. Such a repression by glucose has long been reported for various species except for some Carnobacterium strains which are reported to degrade arginine by the ADI pathway even at high glucose concentrations [6] . In L. sakei it lightens the role of the PTS in the catabolite repression mechanism. Concerning anaerobiosis we could demonstrate that the lack of oxygen per se is not responsible for induction of the arc operon which is di¡erent from what was observed in P. aeruginosa [9] , R. etli [10] or B. licheniformis [4] . In H. salinarum, the induction by oxygen limitation was di¡erent for the di¡erent transcripts [3] . In L. sakei arginine degradation could take place under aerobiosis but only when cells were grown in the presence of ribose as the carbon source or in a ldhL mutant. In this mutant, the end products resulting from glucose catabolism are di¡erent than in the wild-type strain [20] . Furthermore, ribose metabolism also leads to di¡erent intracellular compounds and end products since ribose is catabolised through the phosphocetolase pathway. The signal responsible for ADI induction might thus be linked rather to the metabolic state of the cells. Intracellular ATP, NADH or other intermediate metabolites pools might be good candidate signals.
The enhanced viability might be attributed to the pH rise due to ammonia production by the ADI pathway as mentioned for S. sanguis [8] . These authors showed that the enzymes of the ADI pathway have their optimal pH of activity at lower values than other intracellular enzymes. The activity of the ADI catabolic pathway was supposed to protect streptococci of the oral cavity from an acid environment. Nevertheless, these authors could demonstrate that the beginning of arginine degradation was not part of the acid-adaptive response [5] . In L. sakei, this protective role against cell death cannot be related only to pH protection, since the ldhL mutant that was unable to lower the pH below 6.20 also needs arginine degradation to survive. Moreover, arginine degradation can take place even when the pH is still high and no clear-cut correlation between low pH and cell death was observed. Since ATP is produced from arginine degradation this indicates that the energy level is the triggering factor for survival rather than the pH.
The environmental conditions leading to the ex-pression of the ADI pathway in L. sakei are: low oxygen concentration, low glucose concentration or presence of ribose, and arginine. They all seem to be compatible with its natural meat environment and it is likely that L. sakei has developed regulatory mechanisms particularly well adapted to this environment.
